ABSTRACT During early vertebrate development, the correct establishment of the body axes is critical. The anterior pole of the mouse embryo is established when Distal Visceral Endoderm (DVE) cells migrate to form the Anterior Visceral Endoderm (AVE). Symmetrical expression of Lefty1, Cer1 and Dkk1 determines the direction of DVE migration and the future anterior side. In addition to the establishment of the Anterior-Posterior axis, the AVE has also been implicated in anterior neural specification. To better understand the role of the AVE in these processes, we have performed a differential screening using Affymetrix GeneChip technology with AVE cells isolated from cer1P-EGFP transgenic mouse embryos. We found 175 genes which were upregulated in the AVE and 36 genes in the Proximal-posterior sample. Using DAVID software, we characterized the AVE cell population regarding cellular component, molecular function and biological processes. Among the genes that were found to be upregulated in the AVE, several novel genes were identified. Four of these transcripts displaying high-fold change in the AVE were further characterized by in situ hybridization in early stages of development in order to validate the screening. From those four selected genes, one, denominated Adtk1, was chosen to be functionally characterized by targeted inactivation in ES cells. Adtk1 encodes for a serine/threonine kinase. Adtk1 null mutants are smaller and present short limbs due to decreased mineralization, suggesting a potential role in chondrogenesis during limb development. Taken together, these data point to the importance of reporting novel genes present in the AVE.
Introduction
The vertebrate body plan is generated through a series of morphogenetic and inductive processes that occur during embryonic development. Some of the earliest developmental events that play a pivotal role in the specification of the body plan are the establishment of the embryonic axes (reviewed in Lu et al., 2001; Takaoka et al., 2007; Belo et al., 2009) .
The isolation of Cerberus and Dickkopf1 (Dkk1), secreted proteins able to induce exclusively anterior head structures when misexpressed on the ventral side of the Xenopus embryo, provided the first molecular evidence for the existence of a specific anterior neural inducing activity (reviewed in Belo et al., 2009) .
Transplantation experiments with mouse nodes and early gastrula organizers show that the induced axis has a posterior neural character and no ectopic head structures are formed (reviewed in Lu et al., 2001) . These findings suggested that the necessary anterior neural inducing signals derive from tissues other than or in addition to the node/organizer.
The visceral endoderm, which surrounds the epiblast and the extraembryonic endoderm, forms at the distal tip of the egg cylinder at embryonic day 5.5. The following unilateral polarized movement of these cells towards the proximal region of the embryo, becoming the Anterior Visceral Endoderm (AVE), establishes the future anterior pole and imparts anterior identity upon the underlying epiblast (reviewed in Takaoka et al., 2007 , Lu et al., 2001 .
The role played by the AVE in the determination of the anteroposterior (A-P) axis and primary induction of the rostral neuroectoderm, has already been described (Perea-Gomez et al., 2001; Shawlot et al., 1999) . Several homologs of known anterior neural inducers in Xenopus were found to be expressed in the AVE, such as Nodal, Wnt and BMP signaling inhibitors cer1, dkk1 and also lefty1 and sfrp5 (Belo et al., 1997; Shawlot et al., 1998) . In addition, several transcription factors involved in forebrain specification, like otx2, lim1, hnf-3, gsc, hex and hesx1, were also found to be expressed in the AVE before prechordal plate formation (Belo et al., 1997; Thomas et al., 1998) . Furthermore, the signaling molecules Nodal and FGF8, which are necessary for gastrulation, are transiently expressed in the AVE at the same time that their expression in the epiblast becomes progressively restricted to the site of primitive streak formation (reviewed in Takaoka et al., 2007) .
Despite the large amount of data the supporting a role of AVE in the establishment of A-P axis and anterior neural induction, the tyrosine kinase and serine/threonine kinase domains that we have denominated Adtk1 for Anterior Distal Tyrosine Kinase.
In order to better understand the role of Adtk1 gene during embryonic development, a targeted inactivation was performed (Imuta et al., 2009, Kinoshita et al., 2009 and this study) . We have found that these mutants present shortening of the long bones of the limbs, and that the severity of this phenotype is background dependent.
Results

Affymetrix GeneChip ® expression profiling of Anterior-distal and Posterior-proximal regions
We have designed a new strategy involving the use of Affymetrix GeneChip ® arrays to generate gene expression profiles from Anterior-distal (Ad) and Posterior-proximal (Pp) regions of E5.5 mouse embryos. The transgenic line Cer1P-GFP (Mesnard et al., 2004) was proven to be essential for this purpose, as it allows to easily visualize the position of the AVE, which was used as a staging criteria. Cer1 is expressed early in the visceral endoderm, at the distal tip of the egg cylinder ( Fig. 1A ) and as the distal visceral endoderm migrates anteriorwards, cer1 is clearly restricted to the endodermal layer (Fig. 1B) . Consequently, by using the Cer1P-GFP transgenic line, it was possible to separate the Anterior-distal population of cells, from the Posterior-proximal one (Fig. 1C) . Thus, complex biotinylated target RNA (cRNA) samples were prepared from Ad and Pp regions of E5.5 embryos in which the distal visceral endoderm had started to migrate and localized at a lateraldistal position. Subsequently, the biotinylated cRNA were hybridized in GeneChip ® arrays and we have identified subsets of genes differentially expressed in Ad and Pp regions through the comparison of the gene expression profiles In situ hybridization for cer1 shows that it is expressed at E5.5 in the visceral endoderm, at the distal tip of the egg cylinder. (B) Confocal fluorescence image of a Cer1P-GFP transgenic E5.5 embryo. The green labeled cells show the GFP fluorescence driven by Cer1 promoter as the distal visceral endoderm migrates to establish the anterior pole. Red fluorescence shows F-actin phalloidin labeling. (C) Ad and Pp regions (dashed areas) were isolated from Cer1P-GFP transgenic E5.5 embryos in which the AVE occupied a lateraldistal position: schematization of the regions which were microdissected for the differential screening. The Ad region was isolated from fragments comprising the fluorescently labeled AVE and the underlying epiblast. Pp regions were isolated by dissecting triangular-shaped fragments from a position diametrically opposed to the fluorescently-labeled domain.
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mechanisms underlying those processes have only been superficially approached. There is still a gap in the understanding of the molecular pathways involved in the anterior neural induction by the AVE. Presently, the molecular mechanisms contributing to the specification of the AVE, the cues directing its anteriorward movement and the mechanisms underlying the interplay between the AVE and the proximal epiblast/ extraembryonic ectoderm remain poorly understood. The specific gene population of the AVE hasn't yet been well characterized concerning cellular component, molecular function and biological processes. Furthermore, the specific cellular composition and gene expression accounting for the molecular functions and biological processes of the AVE have yet not been well characterized.
In order to gain further insight into the molecular mechanisms involved in early forebrain induction, we have conducted a large-scale screen to identify genes specifically expressed in the AVE.
From this differential screening several novel genes upregulated in the AVE were identified. From those, four novel genes with high fold change were selected for further analysis. One of these novel genes encodes for a protein with from both samples.
For comparison of global gene expression in these two cell populations, the array data was normalized to the median geneexpression levels. After normalization and filtration of the genes to include only those exhibiting over 1.5 fold, 210 genes were identified as being differentially expressed in the Anterior-distal versus Posterior-proximal populations. From these differentially expressed genes, 175 were found to be upregulated in the Ad population (Table 1) , whereas 36 genes were upregulated in the Pp population (Table 2, Fig. 2 ). These genes were analyzed at a statistical significance of P < 0.1 (see Supplementary Tables of   viously reported to be expressed in the Pp region were identified as being upregulated in the Pp sample (Fig. 3) , and substantiate the correct microdissection of the posterior proximal region of the egg cylinder.
Using DAVID bioinformatics software (Huang et al., 2009; Dennis et al., 2003) , a perspective on the cellular component, molecular functions and biological processes of the two gene populations, the Ad-upregulated population and the Ppupregulated population, was obtained by gene ontology (GO) classification of the two sets of features (Fig. 4) .
The majority of the genes from both Ad and Pp populations were correlated to an intracellular location, particularly to the nucleus (Fig. 4A) , When analyzing the predicted molecular function of the genes found in this screening, the molecular function of almost half the genes cannot be predicted ( Figure 4B ). However, clearly many genes present in the Ad population, encode for protein binding kinases or have themselves potential protein kinase functions, thus possibly playing regulating roles in the different pathways occurring in the AVE. In addition, many genes present in the AVE show potential DNA binding, transcription factor and transcription regulator activities Genes upregulated in the Pp cell population presented no predicted function of protein kinase activity, presenting just a few predicted molecular functions: protein and DNA binding, transcription factor and transcription regulator activity, as well as growth factor activity (Fig. 4B) .
Concerning the Biological Processes, as expected, the anterior population is rich in genes involved in embryonic development: gastrulation and anterior/posterior pattern formation (Fig.  4C) ; from this pool of genes, known genes such as lim1 and cer1 were detected as being involved in the processes. The Pp population also presents a number of genes which are upregulated and involved in the embryonic development, namely nanog and tbx3 which are involved in promoting pluripotent cell self renewal in embryonic stem cells. Both populations contain genes which
Fig. 2. Number of genes differentially upregulated in the Anterior
Visceral Endoderm (AVE) and in the Posterior proximal (Pp) population. In this genetic profiling of an E5.5 mouse embryo, 175 genes were found to be upregulated in the AVE and 36 genes in the Pp population. From this pool of genes 110 present GeneRIF and 101 remain uncharacterized. Fig. 3 . Graphic view of the fold change of known genes found to be differentially upregulated and downregulated in the AVE, and reference genes. Known AVE markers such as lefty1, cer1, gsc, hesx1, lhx1, foxa2 and otx2 (in blue) were found to be upregulated in the differential screening. Known markers for the Posterior proximal region such as nanog and tbx3 (in red) were found to be downregulated in the AVE, presenting a negative fold change in the differential screening. Reference genes such as GADPH and Actb (in green) presented no difference in the differential fold change.
"DAVID" software data). Interestingly, from this pool of genes, at least 95% present a PubMed ID: this is due to the fact that the mouse genome was sequenced, and being in the middle of an explosion of genomic information and automatic annotation, practically all genes, hypothetical or already known, were entered into databases.
However, we can only consider a little more than 50% as characterized (considering characterized genes the ones which present a Gene Reference Into Function), which leaves about 101 uncharacterized genes present in these two populations (Fig. 2) .
As expected, reference genes expression such as GAPDH and Actb, showed no difference between the Ad and Pp populations (Fig. 3) .
Furthermore, the upregulation of lefty1, cer1, gsc, hesx1, lhx1 (lim1), foxa2 (hnf3) and otx2 genes that are expressed in the Ad region and absent from the Proximal-posterior part of the embryo (Meno et al., 1998; Belo et al., 1997; Blum et al., 1992; Shawlot et al., 1998; Thomas et al., 1998) , validated the experiment (Fig. 3) . On the other hand, nanog and tbx3 which are genes pre- (Fig. 4C ). Concerning the Ad upregulated population, there are some genes which are correlated with cell proliferation, being this consistent with the fact that the embryo is in very early stages of development, and the cell proliferating activity at this stage is very high. In the Ad upregulated population genes such as cer1, bmp2 and lim1 were found to be involved in cell proliferation, whereas again tbx3 was detected as gene from the Pp upregulated population implicated in regulation of cell proliferation (Fig. 4C) . Interestingly, both populations present genes which are correlated to heart development, for instance bmp2, foxh1 and pitx2, all involved in heart development, were found to be upregulated in the Ad sample, whereas heart related genes id2 and tbx3 were present in the Pp upregulated population. Moreover, the Ad upregulated population is also strongly Fig. 4 . Gene ontology (GO) classification of differentially expressed genes in the AVE. Genes that were differentially expressed in the AVE and in the Posterior proximal region (over 1.5 fold and at P  0.1) were classified regarding the cellular sub-compartments (A), molecular function (B) and biological processes (C), in order to elucidate the possible functions and processes the novel genes are involved in. Numbers above bars represent the number of genes in each category.
correlated to head and neural tube development, in contrast to the Pp upregulated (Fig. 4C) . Nevertheless, much is still unknown regarding these differentially expressed genetic populations, as many genes, although already sequenced and identified in bioinformatics databases, remain to be studied. Such is the case for 48.6% for the genes upregulated in the Ad, and for 44,4% of the Pp upregulated population.
Selection of novel genes upregulated in the AVE
After data acquisition and normalization, subsets of genes differentially expressed in Ad and Pp regions were identified by comparison of gene expression levels in both samples. Finally, whole-mount in situ hybridization was used to validate the results from the GeneChip © arrays. We selected four genes from the pool of novel, uncharacterized genes found in this AVE differential screening, with an anteriorposterior differential expression higher than 2-fold change. These genes were provisory named MAd (Mouse Anterodistally) expressed genes.
All the Ad pool selected genes were shown to be expressed very early in mouse embryonic development. Transcripts could be detected as early as embryonic day (E) 5.5 (Fig. 5 A,E,I ,M) in the AVE, which validated the screening since these genes were identified based on their differential expression in the anterior visceral endoderm.
The novel gene MAd1 (Mouse Anterodistally expressed gene 1, probe set ID 1454838_s_at, Accession number BB323985) was found to have a 5.68 fold change and encodes for a 493 aminoacid protein with potential kinase, tyrosine kinase and serine/threonine kinase domains in its amino terminal region. Also, it has a proline-rich region between aminoacids 75 and 128, and an arginine-rich region between aminoacids 49 and 106 (Imuta et al., 2009; Kinoshita et al., 2009 ). MAd1 was renamed Adtk1 which stands for Anterior Distal Tyrosine Kinase 1.
A characterization of Adtk1 expression pattern by wholemount in situ hybridization (WISH) showed that this gene could be detected in the anterior visceral endoderm (Fig. 5 A,B,Q) . Later in development, in early allantoic bud embryos, around E7.25-E7.5, Adtk1 transcripts were present in the anterior definitive endoderm (ADE) and in the prospective headfolds (Fig. 5C) , and headfolds themselves (Fig. 5D) . At early to mid streak stages, through embryonic development (Fig. 5 E,F,G,H) . At pre-to early streak stages, shisa was shown to be specifically expressed in the AVE (Fig. 5 E,F,R) . By late streak stage, expression was found in the anterior definitive endodermal cells that have replaced the AVE (Fig. 5G) . In early headfold stage (Fig. H) , shisa transcripts could be detected in the cephalic mesenchyme and presumptive forebrain neuroectoderm ( Figure 5H ). Interestingly, in early stages of mouse embryonic development, shisa was always restricted to the most anterior region of the embryo, being excluded from its posterior part (Fig. 5 E,F,G,H) .
MAd4 (Mouse Anterodistally expressed gene 4, probe set ID 1451313_a_at, Accession number BC019131) had a fold change of 2.32. This unknown gene encodes for a 99 aminoacid protein with no homology to known protein domains, although the results Analysis performed by whole-mount in situ hybridization. In situ hybridization of: Adtk1 (A-D), shisa (E-H), MAd4 (I-L) and GalNAc4S-6ST (M-P). All genes were found to be expressed in the AVE at E5.5 (A,E,I,M). At E6.5, transcripts of all four selected genes are still present in the AVE (B,F,J,N) and, by E7.0 transcripts are detected in the ADE (C,G,K,O) . By early headfold stage, Adtk1, shisa and MAd4 are pesent in the headfolds, whereas GalNAc4S-6ST is detected in the endoderm underlying the prospective headfolds (D,H,I,P). Histological analysis of pregastrulation pos-in situ hybridization embryos show that Adtk1 (Q), shisa (R), MAd4 (S) and GalNAc4S-6ST (T) are present in the AVE.ADE: Anterior Definitive Endoderm (orange arrowhead); AVE: Anterior Visceral Endoderm (yellow arrowhead); HF: headfolds (green arrowhead); NP: node pit (black arrowhead); PS: primitive streak (blue arrowhead).
Adtk1 transcripts were transiently but very strongly detected, in the primitive streak (Fig.  5B) , and then migrated proximally, towards the extraembryonic region as the streak extended (data not shown). Except for this transient expression in the primitive streak, Adtk1 was always restricted to the most anterior part of the embryo, being absent from the posterior side, throughout mouse embryonic development (data not shown).
MAd2 (Mouse Anterodistally expressed gene 2, probe set ID 1423852_at, Accession number BC024118) presented a fold change of 5.11. MAd2 encodes for 295 aminoacid protein which presents two cysteine-rich domains (CRD); interestingly, these CRD have been shown to be highly conserved interspecies . A BLAST search (Altschul et al., 1990) of MAd2 sequence as query, returned a Xenopus homolog, which was reported recently by Yamamoto et al., (2005) as Xshisa.
The expression pattern of mouse shisa (Mad2) was analyzed be WISH. shisa transcripts could be detected as early as E5.5 and
from DAVID analysis point that it might be integral to the membrane. Early expression pattern of MAd4 was detected by WISH ( Fig.  5 I ,J,K,L). As expected, MAd4 transcripts were present in the AVE, at embryonic day 5.5 ( Fig. 5 I,S) . As the embryo develops and the visceral endoderm is displaced to the most anterior/ proximal region of the egg cylinder, MAd4 was present in the most anterior tip of the visceral endoderm (Fig. 5J) , and later, in early allantoic bud embryos, MAd4 expression marked the same region as earlier in the anterior embryonic-extraembrionic boundary of the AVE, that was by then replaced by the anterior definitive endoderm (Fig. 5K) . In early headfold stage, MAd4 transcripts could be detected in the most ventral part of the headfolds (Fig.  5L) . Interestingly, in this stage, MAd4 could also be detected in the node pit (Fig. 5L) .
MAd5 (Mouse Anterodistally expressed gene 5, probe set ID 1452092_at, Accession number AK019474) obtained a 2.53 fold change. MAd5 encodes for a 561 aminoacid protein: an NAcetylgalactosamine 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST) which is a Golgi-resident enzyme (Salgueiro et al., 2006) .
The expression pattern of GalNAc4S-6ST was analyzed by WISH during early mouse embryonic development. As expected, GalNAc4S-6ST could be detected in the AVE by embryonic day 5.5 ( Fig.5M) . Transcripts could still be detected in this structure by E6.5 (Fig. 5 N,T) . By late-streak stage, GalNAc4S-6ST transcripts become restricted to the anterior definitive endoderm (ADE) which corresponds to the foregut endoderm (Fig. 5O) . When the embryo reaches early headfold stage, GalNAc4S-6ST could be detected in the endoderm underlying the prospective headfolds (Fig. 5P) , which later in embryonic development will give rise to the ventral foregut tube. During early mouse development, GalNAc4S-6ST transcripts were always absent from the posterior region of the egg cylinder.
Analysis of Adtk1 mutants
From the performed differential screening Adtk1 was detected as being one of the genes with highest fold change in the anterior distal population. This, together with the interesting expression pattern (Fig. 5 A-D) , the novelty and the fact that Adtk1 encodes for a serine/threonine tyrosine kinase were critical when choosing 
LIST OF GENES DIFFERENTIALLY UPREGULATED IN THE POSTERIOR PROXIMAL REGION
Selected genes with fold change equal or higher than 1.5 in the Posterior proximal region of an E5.5 embryo this gene to proceed with a more detailed study. When comparing the protein sequences of several different species, one could observe that mouse Adtk1 had high homology with its human homolog, sharing 92% of identity, and with both its Xenopus and chicken orthologs, sharing 60 and 42% of identity with Xenopus AdtkL1 and Xenopus AdtkL2, and 37% identity with chicken AdtkL1 and 28% identity with chicken AdtkL2 (Fig. 6) .
Furthermore, it has been proposed recently that there were indeed two isoforms of mAdtk1. The canonical isoform encodes for a 493 aa protein organized in seven exons (Fig. 7A) whereas, in the second isoform, canonical exon1 was split into non-coding exon1a and partly coding exon1b, (Fig. 7B; Imuta, et al., 2009 ). In the non-canonical isoform, exon1a consisted of an untranslated (UTR) region. Thus, this short Adtk1 version consisted of eight exons, one of them entirely untranslated, and encodes for a 293 aa protein (Fig. 7B) . This shorter non-canonical isoform lacked the first 200 aa, and with it, subdomains I, II and III of the serine/threonine tyrosine kinase domain (Hanks and Hunter 1995) . Therefore, most likely the shorter isoform will not encode for a fully functional protein kinase. Nevertheless, we wanted to assess whether these two isoforms were being co-expressed during embryonic development. In order to evaluate that, RT-PCR was performed in several stages of development. Fig. 7C shows that both isoforms were present throughout E7 to E12 days of embryonic development. A possible explanation is that the long isoform is the fully functional one, and the shorter isoform may be providing a regulatory support.
A targeted inactivation was performed, in order to better understand Adtk1 biological role during mouse embryonic development. For the targeted inactivation we considered the genomic organization of the canonical isoform. In the Adtk1 targeted allele, exon 1 which includes the transcriptional and translational start sites, a part of the upstream region, and intron 1, were replaced by a PGK neo cassette (Fig.  8A ). After ES cell electroporation, and subsequent positive and negative selection with G418 and GANG drugs, respectively, two hundred and forty clones were selected and analyzed, in order to verify if recombination occurred properly. Correct homologous recombination was confirmed by PCR (data not shown) and southern blot (Fig. 8B) . The positive clone was injected into mouse blastocysts to generate chimeric mice. The clone produced chimeras, which transmitted the mutant allele to their offspring (Fig. 8C) .
The newborn pups obtained from heterozygous intercrosses, were all alive up to 48h, time when they were collected and sacrificed for posterior analysis. The pups were genotyped, and null mutants were thoroughly analyzed, using littermate wildtype pups as control.
Adtk1 expression pattern suggested a role in head formation, like it has been 5), and mRNA samples were analyzed with several combinations of primers that anneal in the different exons, and that amplify different regions: ex1-ex7: exon1 to exon7 (top panel); ex1a-ex1b: entire exon1 (second panel); ex1b -part b of exon1(third panel); ex2-ex3: exon2 to exon3 (fourth panel); ex-4ex6: exon4 to exon6 (fifth panel). HPRT (bottom panel) was used as a reference gene, and served as an endogenous control to normalize the differences in the amount of cDNA in each sample).
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shown for other genes expressed in the AVE such as otx2, lim1, gsc and cer1 (Shawlot, et al., 1999 , Perea-Gomez, et al., 2001 , Belo, et al., 1998 , Belo, et al., 1997 . Adtk1 null mutants were analyzed through gastrulation to neurulation stages (from E6.5 to E9.5) and no phenotypic differences were obtained comparing with the wild-type littermates (data not shown). This data supports previous experiments reported by Imuta et al., 2009 , where in neurulation and organogenesis stages null mutants were similar to wild-type embryos.
Fig. 8 (Left). Schematic representation of targeted deletion of the Adtk1 gene. (A)
Restriction map of Adtk1 genomic region, the targeting construct, and the recombinant allele. The targeted exon is depicted as a filled box, the remaining exons are depicted as white boxes. UTR regions are depicted in gray. The targeting construct contained a Neomycin resistance gene cassette, used for positive selection of recombinant clones, and was flanked by 5' and 3' homology regions. In addition, an HSV-TK cassette was inserted at the end of the 5' arm to allow for negative selection. After BamHI digestion, a probe external to the 3' recombinant arm and a probe in the neo cassette were used in Southern blot analysis (the targeted allele gave rise to a 17kb band (panel B, lane 2), and the wild type allele gave a 10.5kb labeled band (panel B, lane 1),). The probe that hybridizes in the neo cassette is also used in Southern blot analysis after EcoRV digestion (this originates a 3.6 kb). PCR primers used to amplify the 5' and 3' homology regions are shown as black arrows. B, BamHI; C, Cla I; E, EcoR V; N, Not I; Sal, Sal I; P1, external 3' southern probe; P2, neo cassette internal probe. (B) Southern blot analysis of a targeted ES cell line. Correct targeting of Adtk1 was confirmed by the presence of a 17kb fragment in the BamHI digest of genomic DNA using 3' external probe and an internal probe for neo cassette as a control. (C) Offspring genotype from Adtk1 intercrosses. Wildtype animals present a single band at 864 bps. Heterozygous mutants present the wild-type band at 864 bps and the mutant band at 544 bps. Homozygous mutants present a single band at 544 bps. The majority of homozygous newborns presented no apparent external defects; and in particular no defects were detected in the anterior structures (Fig. 9 A,B ). The internal organs were then evaluated, and no significant differences were observed regarding the external morphology.
All null mutants obtained were slightly smaller than their wildtype littermates, upholding data previously reported by Imuta et al., 2009. Skeletal analysis with alizarin red and alcian blue was per-formed and provided further and more detailed information. In the limbs, the mineralized regions stained in, were significantly shortened compared with its wild type littermates (Fig. 9 C-J and Table  3 ), whereas the size and morphology of the cartilage, which stained blue, were not significantly affected. Analysis of Adtk1 null mutants showed that these mutants have indeed shorter hind and forelimbs. In the lower limbs, although the femur is not much affected, the tibia and peroneum sizes are about 30% shortened (Fig. 9I and Table 3 ). Regarding the upper limbs, both radio and humerus sizes are 20 to 25% shortened ( Fig.  9J and Table 3 ). As for the cervical vertebrae, no significant changes were observed, and no neural tube defects were detected (Fig. E,F) . During embryonic development, as limbs become evident around E9.5, Adtk1 transcripts could always be detected in these structures; curiously during later stages, Adtk1 expression in the limbs is restricted to the most proximal part of the limb (data not shown). This set of data corroborates the data recently published both by Imuta et al., 2009 and Kinoshita et al., 2009 describing Adtk1 null mutants (Pkdcc and Vlk) although the phenotypes are a little milder probably due to background differences. Consequently, the analysis of these null mutants was not scrutinized further.
Discussion
The importance of the AVE during mouse embryonic development has been well demonstrated; either by its removal, which leads to the loss of forebrain structures and anterior markers such as Hesx1 (reviewed in Takaoka et al., 2007) , or by the analysis of mutants such as Cripto, Otx2, -catenin, or BMPr1 (Perea-Gomez et al., 2001 , Liguori et al., 2008 , Acampora et al., 2009 Huelsken et al.,"2000; Miura et al., 2010) , where the DVE fails to migrate towards the anterior side of the egg cylinder resulting in the absence of a correct anterior-posterior axis formation. We have decided to unravel the AVE gene pool in E5.5 embryos because this particular stage represents the beginning of the rotation of the proximal-distal axis (p-d), which will ultimately be converted into the definitive A-P axis at the beginning of gastrulation (reviewed in Lu et al., 2001; Takaoka et al., 2007) . The position of the prospective anterior and posterior sides can only be recognized after the AVE initiates its anteriorward movement. Moreover, at this stage the AVE already expresses the majority of its markers, meaning that it is already specified and should be exerting its anteriorizing activity over the underlying epiblast. It is also possible that at such an early stage the molecular cues that direct the AVE towards the anterior side are still present. Therefore this stage presents itself as the more versatile for the analysis of the various mechanisms responsible for the AVE properties Data from this screening can be analyzed in several ways, depending on the goal. For instance, when analyzing the genes that are upregulated in the AVE and correlated to gastrulation processes, one can obtain large amount of information. As for molecular function, the genes identified as upregulated in the AVE and involved in the process of gastrulation, were all linked to protein binding activity.
Interestingly, most of the genes that are upregulated in the AVE and involved in heart development, are also involved in transcription regulation and correlated with protein binding activity. As for the genes upregulated in the Pp population and involved in heart development, all were also considered to be involved in the biological process of transcription regulation, localized in the nucleus, and all presented transcription regulator activity.
From the pool of genes upregulated in the AVE, only approximately 7% of the known genes are correlated to head development. As the AVE is a region crucial to the formation of anterior structures (Thomas and Beddington, 1996, Perea-Gomez et al., 2001 ) one would expect a higher incidence of genes involved in the specification of this kind of structures. Among the known genes upregulated in the AVE and classified as being important for anterior structure specification were otx2 and lim1. Furthermore, all genes correlated to brain development were also correlated to central nervous system development and the large majority was localized to the intracellular fraction, the nucleus in most cases. Interestingly, none of the genes selected in the Pp population were correlated with the development of anterior structures or nervous system.
Although the main purpose of this screening was to discover novel genes expressed in the AVE early in development, we were also able to provide new data concerning already known genes and correlate their functions, both at the molecular and biological levels.
From the novel genes selected, it is clear that during early embryonic development, their expression pattern is very similar, being all expressed in the AVE, as expected. However, as the embryo develops, these genes present very interesting and distinct expression patterns Salgueiro et al., 2006) , suggesting different roles during development.
It is already clear that strong expression in the AVE is not a synonymous of a role in the development of anterior structures. In the case of shisa the expression pattern suggested a potential role in the development of anterior structures, as this gene is strongly present in the forebrain, cephalic mesenchyme and neuroepithelium of the prosencephalic vesicle , and Xenopus Shisa protein promotes head formation (Yamamoto et al., 2005) . However, a targeted inactivation of this gene in mouse led to viable and fertile animals (Furushima et al., 2007) .
From the screening, Adtk1, a gene that encodes for a protein kinase, was the novel gene expressed in the AVE with highest fold change, which strongly pointed to a role in anterior structure development. The importance of phosphorilation during development has been well established. Interestingly, this gene was also found in a screening for genes downstream of Ssdp1 (Single-stranded DNA binding protein 1), a co-activator of the transcription factor Lim1, known to be essential for the development of the prechordal plate, one of the head organizer tissues (Imuta et al., 2009) . All this reinforced our belief that Adtk1 had a strong head inducing potential. However, Adtk1 targeted inactivation resulted in shorter limbs and no anterior structure defects as we expected. This phenotype is not as severe as the one reported by Imuta et al., 2009 and Kinoshita et al., 2009 , which besides shorter limbs, also report cleft palate defects, which were not found in our analysis of Adtk1 mutants. This phenotypical difference could be accounted for, by the fact both Imuta el al. 2009 and Kinoshita et al., 2009 used TT2 ES cells, whereas the targeting here reported was performed in C57Bl/6-cBrd mixed background. It is known that differences in genetic background, which are characterized by specific single nucleotide polymorphisms (SNPs), can be associated with regulatory variations, affecting gene expression levels, and giving rise to different phenotypes. In addition to the strong expression in anterior structures during all embryonic development, Adtk1 transcripts are also strongly detected in the limbs, immediately as they start to develop, and until later in development. Thus, a potential role in limb development was also expected. The shorter limbs phenotype in Adtk1 mutants is not due to chondrocyte proliferation but due to a delay in the differentiation of hypertrophic chondrocytes (Imuta et al., 2009; Kinoshita et al., 2009 ). As Adtk1 is always restricted to the most proximal region of the limb, and always excluded from the apical ectodermal ridge, it may be playing a role in the already known Shh/Gremlin/FGF loop. Therefore, it is important to further study this gene, identify its partners, and clarify its role during development.
Conclusions
Gene-expression profiling in the Anterior-distal and Posterior-proximal populations pinpointed distinct molecular functions. Although both populations are involved in embryonic development, the Ad population is responsible for initial cellular differentiation and processes such as gastrulation and axis specification, whereas genes expressed in the Pp region are responsible for maintaining a niche of embryonic stem cells, also important for embryonic development. Interestingly, from the genes upregulated in the Ad sample almost 40% of the genes molecular and biological functions are not yet known. This might explain why much is not clear regarding the pathways involved in AVE specification and anterior structures development. From this screening several unknown genes with expression in the AVE were selected. However, a gene being upregulated with high-fold change in the AVE does not guarantee that it is involved in anterior structure development. In the case of Adtk1 null mutants, for instance, the major defects lie in limb formation. As for shisa (another gene expressed in the AVE with high-fold change), it has also been demonstrated that null mutants for this gene have no apparent phenotype (Furushima et al., 2007) possibly due to gene redundancy other than with shisa paralogues. Accordingly, it would be interesting to determine potential redundancy for Adtk1, assessing the potential genes that compensate for the loss of Adtk1.
Further detailed analysis of the novel genes found to be upregulated in the AVE should be performed, as it may unravel unknown links within and between pathways, which can be of great importance in the study of mouse embryonic development.
Materials and Methods
Embryo collection C57BL/6, B6SJLF1, F1 (C57BL6 x CBA), C57BL/6-Cer1P-GFP and C57BL/6-Adtk1 mice were maintained and bred on an artificial 12-hour light/dark cycle. Embryonic development was staged according to gestational age, designated days post coitum (dpc) or embryonic day (E), with noon of the day of vaginal plug detection being considered 0.5 dpc (or E0.5). To account for variations in the rate of embryonic development between mouse strains and between littermates in each litter, the staging was corrected based on observed morphological landmarks.
Transgenic embryos used for the microdissection of Anterior distal (Ad) and Posterior proximal (Pp) regions were derived from natural matings of B6SJLF1 females x Cer1P-GFP males. Null mutant mice for Adtk1 were analyzed at birth. Wild-type embryos used for the analysis of gene expression by in situ hybridization were collected from natural matings of B6SJLF1 x B6SJLF1. Pregnant females were sacrificed by cervical dislocation and the uteri were surgically removed and placed in ice-cold PBS. Embryos were dissected out of the decidua with fine forceps as described (Hogan et al., 1994) , and processed according to their purpose.
Microdissection of Anterior-distal (Ad) and Posterior-proximal (Pp) regions
Embryos with fluorescently labeled AVE were collected from B6SJLF1 x Cer1P-GFP matings at 5.5-5.75 dpc. Ad and Pp regions were isolated from embryos in which the AVE occupied a lateraldistal position. For the isolation of Ad regions, fragments comprising the fluorescently labeled AVE and the underlying epiblast were microdissected. Pp regions were isolated by dissecting triangular-shaped fragments of proximal visceral endoderm and epiblast from a position diametrically opposed to the fluorescentlylabeled domain. The upper limit of the Pp fragments coincided with the embryonic-extraembryonic boundary and extended in depth to roughly one third of the diameter of the egg cylinder, while its lateral limit corresponded to about one third of the height of the embryonic region. The freshly dissected fragments were immediately homogenized with TRIzol ® and frozen in liquid nitrogen. The samples were then stored at -80C until processing.
Cer1P-GFP confocal imaging
E6.0 Cer1 P-GFP embryos were collected and briefly incubated with Phalloidin solution in order to label F-actin. Embryos were fixed in 4% paraformaldehyde, laid on their short axis of bilateral symmetry and scanned by confocal microscopy, using Leica SP5 confocal, to reveal GFP and Phalloidin.
RNA Isolation, Target Synthesis and Hybridization to Affymetrix GeneChips
Total RNA was extracted from pools of Ad and Pp regions using the Mini RNA Isolation Kit (Zymo Research). Concentration and purity was determined by spectrophotometry and integrity was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Due to the low amount of biological material available, a modified linear amplification protocol had to be applied to generate the required amount of probe (Baugh et al., 2001; Klebes et al., 2002; Van Gelder et al., 1990) . 15 g of biotinylated cRNA was used in a 300-l hybridization mix containing added hybridization controls. 200 l of mixture was hybridized on Affymetrix (Santa Clara, CA, USA) GeneChip Mouse Expression Set 430 arrays for 16 h at 45C. Standard post hybridization wash and double-stain protocols were used on an Affymetrix GeneChip Fluidics Station 400. Arrays were scanned on an Affymetrix GeneChip scanner 2500.
Data analysis
Scanned arrays were analyzed first with Affymetrix MAS 5.0 software to obtain Absent/Present calls and for subsequent analysis with dChip 2010 (http://www.dchip.org, Wong Lab, Harvard). Each set of 5 arrays (430A and 430B type) was analyzed separately from here on. Each set was normalized applying an Invariant Set Normalization Method. Then the normalized probe cell intensities of the 5 arrays were used to obtain model-based gene expression indices based on a PM-only model. Replicate data for the same sample were weighted gene-wise by using inverse squared standard error as weights. All genes compared were considered to be differentially expressed if the 90% lower confidence bound of the fold change between experiment and baseline was above 1.5. The lower confidence bound criterion means that we can be 90% confident that the fold change is a value between the lower confidence bound and a variable upper confidence bound. Li and Wong (Li and Hung Wong, 2001 ) have shown that the lower confidence bound is a conservative estimate of the fold change and therefore more reliable as a ranking statistic for changes in gene expression.
Annotations for the ~34000 genes represented on the GeneChip Mouse Expression Set 430 were obtained from the NetAffx database (www.affymetrix.com) as of November 2009.
Skeletal analysis, whole mount in situ hybridization and histology
For the skeletal analysis of the neonates, Alcian Blue/Alizarin Red staining was performed as described in Belo et al., 1998. Whole mount in situ hybridization and anti-sense probe preparation was carried out as described in Belo et al., (1997) . For anti-sense RNA probe synthesis the plasmids containing BC022157 clone (Adtk1), BC009097 clone (MAd4) and BC035443 clone (GalNAc4S-6ST) were digested with SalI restriction enzyme and transcribed using T7 RNA polymerase. The plasmid containing BC05764 clone (shisa) was cut with BglII and transcribed using T7 RNA polymerase.
Sections were performed and analyzed as described in Filipe et al., (2006) .
Generation of ADTK1 mutant mice
A mouse C57BL/6 Bacterial Artificial Chromosome (BAC) genomic clone, RP24-360O6, containing Adtk1 gene, was obtained from BACPAC Resources, Children's Hospital Oakland Research Institute. Using the BAC DNA as a template, a 5' region ranging from 4779 to 284 bp upstream of the transcription start site of exon 1, and a 3' region ranging from 2328 to 3916 bp downstream of the end of exon 1 were generated by Polymerase Chain Reaction (PCR). These genomic fragments were fully sequenced and cloned in a PGK neo floxI plasmid, interspaced by a PGKNeo-pA cassette; and a HSV-TK cassette was also inserted in the construct upstream the 5' homologous arm. This construct was then linearized with SalI and used as a targeting vector. Bruce4 ES cells were then electroporated with the linearized targeting vector, followed by positive and negative selection with G418 and GANG drugs, respectively. ES clones were first screened for homologous recombination by PCR. Proper homologous recombination was confirmed for the clones that were screened positive by PCR, by Southern hybridization of the ES cell genomic DNA using a 3' external genomic probe, and the absence of random targeting-vector insertion was also confirmed, with an internal probe for the neomycin-resistance gene. The positive ES cell clone was injected into C57Bl/6cBrd (albino) blastocysts to produce chimeric mice, at Institut fur Labortierkunde, University of Zurich.
Genotyping was carried out by PCR analysis of adult tail DNA using the following oligonucleotides: AdtkwtFw (5' CAC CGA CTA CAC CTA CAA C 3'), ADTKwtRev (5' ACC ACC ACC AGG AAG CAT GA 3') and AdtkneoFw (5' CTC GAC TGT GCC TTC TAG TT 3'). The wild-type allele was identified using AdtkwtFw and AdtkwtRev oligonucleotides, which amplify a 864 bp band. The presence of the targeted allele was identified using AdtkneoFw and AdtkwtRev oligonucleotides, which amplify a 544 bp targeted allele specific product.
